Histone deacetylase (HDAC) inhibitors are promising antitumor agents, but they have not been extensively explored in B-cell lymphomas. Many of these lymphomas have the t(14;18) translocation, which results in increased bcl-2 expression and resistance to apoptosis. In this study, we examined the effects of two structurally different HDAC inhibitors, trichostatin A (TSA) and sodium butyrate (NaB), on the cell cycle, apoptosis, and bcl-2 expression in t(14;18) lymphoma cells. We found that in addition to potent cell cycle arrest, TSA and NaB also dramatically induced apoptosis and down-regulated bcl-2 expression, and overexpression of bcl-2 inhibited TSA-induced apoptosis. The repression of bcl-2 by TSA occurred at the transcriptional level. Western blot analysis and quantitative chromatin immunoprecipitation (ChIP) assay showed that even though HDAC inhibitors increased overall acetylation of histones, localized histone H3 deacetylation occurred at both bcl-2 promoters. TSA treatment increased the acetylation of the transcription factors Sp1 and C/EBP␣ and decreased their binding as well as the binding of CBP and HDAC2 to the bcl-2 promoters. Mutation of Sp1 and C/EBP␣ binding sites reduced the TSA-induced repression of bcl-2 promoter activity. This study provides a mechanistic rationale for the use of HDAC inhibitors in the treatment of human t(14;18) lymphomas.
The cytogenetic hallmark of most follicular B-cell lymphomas is the chromosomal translocation of the antiapoptotic bcl-2 gene from 18q21 to the immunoglobulin heavy chain (IgH) locus at 14q32 (9, 54, 55) . This t(14;18)(q32;q21) translocation constitutes the most common chromosomal translocation in human lymphoid malignancies. Approximately 85% of follicular and 20% of diffuse B-cell lymphomas possess this translocation. The t(14;18) translocation places bcl-2 in the same transcriptional orientation as IgH and results in deregulated overexpression of bcl-2 (15) . Increased cell survival due to bcl-2 overexpression has been shown to contribute to the development of many B-cell lymphomas and confer resistance to a variety of anticancer therapies (12, 26, 43, 50) .
Two promoters mediate transcriptional control of the bcl-2 gene (52) . The 5Ј promoter (P1) is located 1,386 to 1,423 bp upstream of the bcl-2 translational start site, and it is GC-rich with multiple Sp1 sites. The start sites of the 3Ј promoter (P2) are located 1.3 kb downstream of the P1 promoter. P2 has a classic TATA and CAAT box and a simian virus 40 (SV40) decamer/Ig octamer motif. Important cis elements and associated trans-acting factors participating in the deregulation of bcl-2 have been characterized within the promoter regions. A major positive regulator of P1 activity is a cyclic AMP (cAMP) response element (CRE). CREB (CRE-binding protein) binds to this site and is essential for bcl-2 expression during B-cell development and for bcl-2 deregulation in t(14;18) lymphomas (27, 58) . In addition, NF-B activates bcl-2 in t(14;18) lymphoma cells through interactions with the CRE and Sp1 binding sites (21) . C/EBP␣ (CCAAT/enhancer binding proteinalpha) and A-Myb are activators of P2 promoter activity in t(14;18) lymphoma cells and act through the binding site for the homeodomain protein Cdx (22, 23) . WT-1 and p53 have been reported to be negative regulators of bcl-2 expression in t(14;18) lymphoma cells through the P1 and P2 promoters, respectively (19, 59) .
Four murine B-cell-specific and cell stage-dependent DNase I hypersensitive sites, MHS1 to MHS4, which are located 10 to 35 kb 3Ј of the C␣ gene, have been shown to function as enhancers for IgH gene expression (31, 36, 40, 47) , and they also up-regulate bcl-2 expression (20) . Similar enhancers are located downstream of two human C␣ genes, and these regions share some homology with the murine enhancers, although they are not as well characterized (7, 37, 41) .
It is becoming clear that posttranslational modifications of histones play important roles in the regulation of gene transcription (4) . Among the various histone modifications, the acetylation of specific lysine residues in the N-terminal tails of histones has been correlated with transcriptional activity (42) . Two enzyme classes, histone acetyltransferase (HAT) and histone deacetylase (HDAC), catalyze the acetylation and deacetylation of histones, respectively (16, 17) . Although the mechanisms involved are complex, the presence of an acetyl residue is believed to neutralize the positive charge of histones and decrease their interactions with negatively charged DNA, while the removal of an acetyl group leads to condensation of nucleosome structure (16, 17) . Histone acetylation status is assumed to be an important factor that controls the accessibility of transcription factors to DNA and subsequent gene transcription (17) . The functional connection between histone acetylation and transcription has been strengthened by the identification of HAT and HDAC activity within transcriptional coactivators and corepressors, respectively (1, 6) .
Altered HAT or HDAC activity has been identified in several cancers (32) . HDAC inhibitors are being investigated as a new therapeutic approach to many solid and hematological malignancies (34, 46) . The antitumor effects of HDAC inhibitors have been correlated with the transcriptional alteration of specific cancer-related genes, including some critical regulators of cell cycle, apoptosis, differentiation, angiogenesis, and invasion (30, 33, 38) . However, these effects of HDAC inhibitors in B-cell lymphomas have not been explored. In this study, we report that HDAC inhibitors are potent antitumor agents in t(14;18) B-cell lymphomas due to cell cycle arrest and induction of apoptosis. Moreover, HDAC inhibitors down-regulate both endogenous bcl-2 expression and bcl-2 promoter activity in an episomal bcl-2 promoter-reporter gene system. We also demonstrate that the repression of bcl-2 expression by HDAC inhibitors occurs at the transcriptional level. While HDAC inhibitors increase the overall histone acetylation level in treated cells, localized histone deacetylation of the bcl-2 promoters and decreased binding of the sequence-specific transcription factors Sp1 and C/EBP␣, as well as the coactivator CBP (CREBbinding protein) and the class I histone deacetylase HDAC2, are correlated with the transcriptional repression of bcl-2 by HDAC inhibitors.
MATERIALS AND METHODS
Cell lines and drug treatment. The human t(14;18) lymphoma cell lines DHL-4 and DHL-6 have been described previously (13, 27) . They were maintained in RPMI medium supplemented with 10% fetal calf serum, 100 U of penicillin/ml, 100 g of streptomycin/ml, and 2 mM L-glutamine. To confirm that the results were not unique to a single cell line, most of the experiments were performed with both DHL-4 and DHL-6 cells with similar results.
Cells were treated with trichostatin A (TSA) (Sigma) or sodium butyrate (NaB) (Sigma) for 18 h or the time indicated in the figure legend. Actinomycin D (Sigma) was used at 10 g/ml for mRNA stability analysis. Cells were pretreated with actinomycin D for 30 min before the addition of TSA.
Plasmid constructs and transfections. For the generation of episomal bcl-2 promoter-luciferase reporter gene constructs, the sequence between the two SalI sites of the pREP4 plasmid (Invitrogen) was replaced with a polylinker that possessed sequential SfiI, AflII, SnaBI, NheI, BamHI, HindIII, and KpnI restriction sites. The full-length bcl-2 promoter, bcl-2 P1 promoter, bcl-2 P2 promoter, Sp1-mutant P1 promoter, and Cdx-mutant P2 promoter were PCR amplified from previously described plasmids (21, 22) and cloned into BamHI and HindIII sites. Luciferase cDNA was cloned into HindIII and KpnI sites. The four murine IgH enhancers, MHS1, MHS2, MHS3, and MHS4, were cloned into SfiI/AflII, AflII/SnaBI, and SnaBI/NheI sites, respectively. MHS1 and MHS2 were cloned together (MHS12) due to their close proximity to each other. To make the episomal NF-B transcription reporter gene construct, five tandem copies of the NF-B consensus sequence (TGGGGACTTTCCGC) fused to a TATA-like promoter was cloned into the AflII and HindIII sites. The episomal c-myc promoterluciferase reporter gene construct was described previously (28) . The bcl-2 expression plasmid was generated by cloning the full-length bcl-2 cDNA into the NheI and XhoI sites of pREP4. pBJ5-FLAG-HDAC1, pME18S-FLAG-HDAC2, and pREP4-FLAG-HDAC3, encoding C-terminal FLAG epitope-tagged HDACs, have been described previously (63) . All constructs were confirmed by sequencing.
For stable transfections of bcl-2 cDNA and reporter gene constructs or transfections of expression plasmids encoding HDACs, 1 to 5 g of DNA was transfected into 5 ϫ 10 6 cells using Kit R from Amaxa according to the manufacturer's protocol and program O-17 on Amaxa's Nucleofector device. Hygromycin B (400 g/ml) was added 24 h after transfection, and selection for stably transfected cells was performed for 1 week. Stable transfectants were maintained in 100 g of hygromycin B/ml. The copy numbers of transgenes were determined by Southern blot analysis. An enhanced green fluorescent protein expression vector was cotransfected with the HDAC plasmids, and transfected cells were selected based on GFP signal.
For short-term stable transfections, 2 ϫ 10 7 cells were transfected with 10 g of plasmid DNA by electroporation as previously described (20) . The transfected cells were placed in 25 ml of supplemented RPMI medium and allowed to recover for 24 h before selection with 400 g of hygromycin B/ml. Reporter gene activity was determined at day 5 after transfection.
Reporter gene activity was assessed using the Luciferase Assay System (Pro-mega). Results were normalized to the amount of protein in each sample. All transfection results are presented as the average from at least six independent transfection experiments. Flow cytometric analysis. Apoptosis was determined with the APO-DIRECT kit according to the manufacturer's protocol (BD Pharmingen). Briefly, 2 ϫ 10 6 cells were sequentially fixed in 1 ml of 1% paraformaldehyde for 15 min and then in 5 ml of 70% cold ethanol overnight. The 3Ј-hydroxyl ends of doubleand single-stranded DNA breaks were labeled with fluorescein isothiocyanate (FITC)-dUTP staining solution for 4 h, followed by phosphatidylinositol (PI) staining of total DNA for 30 min. Flow cytometric data acquisition and analysis were performed with a FACScan equipped with a FACStation running CellQuest software (Becton Dickinson). Cell cycle data was acquired after PI staining and was further analyzed by ModFit LT software (Verity Software House). Debris was eliminated from analysis by using a forward angle light scatter threshold trigger. Cell doublets and other clumps were removed using doublet discrimination gating.
Real-time reverse transcriptase PCR (qRT-PCR) analysis. A cell-to-cDNA II kit (Ambion) was used for the generation of cDNA from 10,000 cells according to the manufacturer's protocol. Real-time PCR of cDNA was performed on the ABI Prism 7900-HT Sequence Detection System using the Universal PCR Master Mix (Applied Biosystems) and Assay-on-Demand primer/probe sets for bcl-2 and GAPDH (Applied Biosystems). All quantitative real-time PCR results are presented as the averages from at least three independent experiments with duplicate PCR analysis.
Immunoprecipitation and Western blot analysis. To monitor the interaction of Sp1 or C/EBP␣ with HDACs, lysates from DHL-4 cells were precleared by incubation with protein G-Sepharose (Zymed) for 1 h at 4°C. The precleared lysates were then incubated with 2 g of Sp1 or C/EBP␣ antibodies overnight. Twenty-five microliters of protein G-Sepharose was added to the lysates, and after incubation for 1 h at 4°C the protein G-Sepharose was centrifuged and washed twice prior to preparation for electrophoresis. This was followed by Western blotting with antibodies against HDACs. To monitor the acetylation of Sp1, the Sp-antibody-immunoprecipitated lysate was analyzed by Western blotting using an antibody against acetyl-lysine. To monitor the acetylation of C/EBP␣, nuclear extract from DHL-4 cells was first immunoprecipitated with an antibody against acetyllysine followed by Western blotting with an antibody against C/EBP␣.
For Western blot analysis, whole-cell lysates or nuclear extracts were boiled with sample loading buffer and electrophoresed in a sodium dodecyl sulfate-10% polyacrylamide gel. Antibodies for bcl-2 (sc-492), Sp1 (sc-59x), C/EBP␣ (sc-9315), HDAC1 (sc-7872), and HDAC2 (sc-7899) were from Santa Cruz Biotechnology. Antibodies for acetyl-lysine (05-515), acetyl-histone H3 (06-599), and acetyl-histone H4 (06-866) were from Upstate Biotechnologies. The anti-FLAG antibody was from Sigma (F3165). Detection of ␤-actin expression was performed to ensure equivalent protein loading. When stripping was needed, membranes were incubated in buffer (62.5 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate, 0.1 M 2-mercaptoethanol) at 60°C for 30 min and washed extensively with 20 mM Tris-HCl (pH 7.6)-0.8% sodium chloride-0.1% Tween 20 before reblocking and probing.
Quantative ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed as outlined previously with primers that are specific for the mutated translocated allele (20, 23) . The antibody for CBP (sc-583) was from Santa Cruz Biotechnology. Real-time PCR was performed to quantitate the amount of immunoprecipitated DNA. The TaqMan primers and probe for bcl-2 P1 promoter detection were the following: forward primer, 5Ј-GGCTCAGAGGAGGGCTC TTT-3Ј; reverse primer, 5Ј-GTGCCTGTCCTCTTACTTCATTCTC-3Ј; probe, 5Ј-[6-FAM]TT-GAATGAACCGTGTGACGTTACGCAC[TAMRA-Q]-3Ј. Primers and probe for the detection of the bcl-2 P2 promoter (TATA site) were the following: forward primer, 5Ј-GTGTTCCGCGTGATTGAAGAC-3Ј; reverse primer, 5Ј-CAGAGAAAGAAGAGGAGTTATAA-3Ј; probe, 5Ј-[6-FA M]-CCCTCGTCCAAGAATGCAAAGCACAT[TAMRA-Q]-3Ј. The primers and probe for the detection of the bcl-2 P2 promoter (Cdx site) were the following: forward primer, 5Ј-CCAGGCAGCTTAATACATTCTTTTTAG-3Ј; reverse primer, 5Ј-TGATGCTGAAAGGTTAAAGAAAAAAC-3Ј; probe, 5Ј-[6-FAM]CGTGTTACTTGTAGTGTGTATGCCCTGCTTTCAC[TAMRA-Q]-3Ј.
All quantitative ChIP assay results are presented as the averages from at least three independent immunoprecipitations followed by duplicate real-time PCR analysis.
RESULTS

TSA and NaB induce apoptosis in t(14;18) lymphoma cells.
HDAC inhibitors induce apoptotic cell death in a wide variety of transformed cells, including cells from breast and prostate VOL. 25, 2005 REPRESSION OF bcl-2 BY HDAC INHIBITORS cancers, as well as neuroblastoma, hepatoma, and some types of hematologic malignancies (24, 25, 34) . However, this effect of HDAC inhibitors has not been explored in B-cell lymphomas. Increased resistance to apoptosis is observed in many B-cell lymphomas, so we examined the effect of HDAC inhibitors on this type of malignancy. DHL-4 cells, a t(14;18) lymphoma line, were treated with two structurally different HDAC inhibitors: trichostatin A, a hydroxamic acid, and sodium butyrate, a short-chain fatty acid. After treatment for 18 h, apoptotic cell death was determined by measuring DNA strand breaks by flow cytometric analysis. As shown in Fig. 1A , a dose-dependent induction of apoptosis (40 to 75%) was observed in the TSA (50 to 500 ng/ml)-treated cells, compared to a low level of apoptosis (4%) in untreated DHL-4 cells. A similar induction of apoptosis (25 to 60%) was also observed in cells treated with NaB ( Fig. 1A ) but with higher doses at the millimolar level (1 to 10 mM). It appeared that apoptotic cell death occurred across all phases of the cell cycle, but relatively more was observed at the G 0 /G 1 phase. This was particularly obvious in NaB-treated cells, where about 55 to 65% of the apoptotic cells were in G 0 /G 1 . Quantification of the amount of apoptosis induced by different concentrations of TSA and NaB is shown in Fig. 1B and C, respectively. The induction of apoptosis by TSA and NaB was also observed in another t(14;18) lymphoma cell line, DHL-6 (data not shown). These results suggest that HDAC inhibitors are potent inducers of apoptosis in t(14;18) B-cell lymphomas.
TSA and NaB cause cell cycle arrest at G 0 /G 1 in t(14;18) lymphoma cells. HDAC inhibitors have been shown to inhibit the cell cycle in various cell types through arrest in G 0 /G 1 or G 2 /M (48) . The effect of TSA or NaB on the cell cycle of DHL-4 cells was assessed. Due to the extensive apoptosis of cells across the cell cycle as shown in Fig. 1 , we used smaller doses of TSA and NaB for this study. As shown in Fig. 2 , significant G 0 /G 1 arrest was induced after treatment for 24 h. Approximately 21% of the untreated cells were in G 0 /G 1 , and this increased to 55 to 57% of the cells after treatment with 5 ng of TSA/ml or 0.1 mM NaB. Correspondingly decreased cell numbers in the S and G 2 /M phases were observed after treatment with both drugs. A consistent induction of G 0 /G 1 arrest was also observed in cells treated with even smaller doses of TSA (0.05 to 0.5 ng/ml) and NaB (0.001 to 0.01 mM). The quantitative analyses of cell cycle distribution in cells treated with different doses of TSA and NaB are shown in Table 1 and Table 2 . We speculate that cell cycle arrest at G 0 /G 1 phase by HDAC inhibitors may contribute to the preferential apoptotic cell death at this phase that is depicted in Fig. 1 .
TSA and NaB repress endogenous bcl-2 expression at the mRNA and protein levels, and overexpression of Bcl-2 decreases TSA-induced apoptosis. Overexpression of bcl-2 contributes to the resistance to apoptosis of t(14;18) lymphoma cells. Because of the profound apoptosis induced by TSA and NaB, we hypothesized that these drugs might influence bcl-2 expression as well. To determine the effect of TSA and NaB on bcl-2 mRNA expression, DHL-4 cells were treated with TSA or NaB for 18 h at the same doses that induced apoptosis. The amount of bcl-2 mRNA expression in each sample was determined by qRT-PCR. As shown in Fig. 3A and B, TSA decreased bcl-2 mRNA expression to 5% of the level of untreated cells, and NaB decreased bcl-2 mRNA expression to 10% of the level of untreated cells.
To determine if down-regulation of bcl-2 mRNA expression resulted in decreased protein levels, Western blot analysis was performed. A 70% decrease in Bcl-2 protein was observed in TSA (50 to 500 ng/ml)-and NaB (1 to 10 mM)-treated cells ( Fig. 3C and D) . As shown in the right panel of Fig. 3C , smaller doses of TSA (0.05 to 5 ng/ml) had much less of an effect on Bcl-2 protein expression, with an 11% reduction in cells treated with 5 ng of TSA/ml. Neither drug had an effect on ␤-actin expression. These results suggest that the effect of HDAC inhibitors on the expression of bcl-2 was gene specific and not due to the cell death that is depicted in Fig. 1 .
To further address the role of Bcl-2 down-regulation in HDAC inhibitor-induced apoptosis, we examined whether Bcl-2 overexpression could block apoptosis induced by HDAC inhibitors. A bcl-2 expression vector was generated and stably expressed in DHL-4 cells. As shown in Fig. 3E , a 3.3-fold increase of Bcl-2 protein expression was observed in this stable cell line. Expression of an empty pREP4 vector did not change Bcl-2 expression. While TSA treatment induced apoptosis as expected in the control stable cells, overexpression of Bcl-2 eliminated approximately 75% of the apoptosis induced by TSA ( Fig. 3F) . In contrast to the down-regulation of endogenous Bcl-2 protein expression in DHL-4 cells with TSA, a persistent high level of Bcl-2 protein was observed in the TSAtreated cells that overexpress Bcl-2 (data not shown). These results suggest that Bcl-2 efficiently blocks TSA-induced apo-ptosis and that it plays a pivotal role in the apoptotic signaling induced by HDAC inhibitors.
Down-regulation of bcl-2 expression by HDAC inhibitors occurs at the transcriptional level. To investigate whether the repression of bcl-2 expression by HDAC inhibitors was through direct down-regulation of bcl-2 promoter transcriptional activity, an episomal bcl-2 promoter-reporter gene construct was generated. To mimic the endogenous bcl-2 promoter activity in t(14;18) cells, the four IgH enhancers (MHS1234) were cloned with the bcl-2 promoter, which was linked to a luciferase reporter gene (Fig. 4A ). This reporter gene construct was transfected into DHL-4 cells, and pooled stable transfectants were subjected to reporter gene activity studies. The cells were treated with TSA or NaB for 18 h, and the luciferase activity was determined and normalized to the amount of protein in each sample. As shown in Fig. 4B and C, both TSA and NaB induced dose-dependent down-regulation of bcl-2 promoter activity in the stable cell lines. The repression of the bcl-2 promoter by TSA was specific and not an artifact of the episomal construct. TSA up-regulated the c-myc promoter and a promoter consisting of NF-B consensus sequences linked to a TATA site in episomal constructs ( Fig.  4D ). Based on these results, it is likely that transcriptional down-regulation of bcl-2 promoter activity is involved in the repression of bcl-2 expression by HDAC inhibitors.
To further determine if HDAC inhibitors also influence bcl-2 mRNA stability in DHL-4 cells, actinomycin D was used to block de novo mRNA transcription. The level of mRNA at different time points was determined by qRT-PCR. As shown in Fig. 5 , when cells were treated with actinomycin D, the half-life of bcl-2 mRNA was between 2 to 4 h, which was consistent with a previous report of bcl-2 mRNA half-life in t(14;18) lymphoma cells (52) . When TSA was added 30 min after actinomycin D, the half-life of bcl-2 mRNA did not change significantly and was similar to that in the cells without TSA treatment. These results indicate that TSA did not influence bcl-2 mRNA stability. We also found that the repression of bcl-2 mRNA expression by TSA was a very early event, with 40% repression at 2 h of treatment, 85% at 4 h, and the maximum repression of 90 to 95% observed at 8 to 18 h ( Fig.  5) . Thus, the regulatory effect of TSA on bcl-2 expression was most likely direct rather than a secondary effect. TSA and NaB increase the overall acetylation of histones but decrease the binding of acetyl-histone H3 to the bcl-2 promoters. The biological consequence of HDAC inhibition is the accumulation of acetylated histones. To verify the activity of the HDAC inhibitors in our studies, DHL-4 cells were treated with TSA or NaB for 18 h, and the acetyl-histone H3 and acetyl-histone H4 protein levels were determined by Western blot analysis using antibodies specific to acetyl-histone H3 (lys 9, 14) and acetyl-histone H4 (lys 5, 8, 12, 16) . Consistent with previous observations in other cell lines, we found that TSA and NaB increased the acetyl-histone H3 and H4 levels in DHL-4 cells (Fig. 6A) .
To better understand the mechanisms underlying the generalized increased cellular histone acetylation and the repression of bcl-2 transcription by HDAC inhibitors in DHL-4 cells, we performed quantitative ChIP assays to examine the binding of acetylated histones to the bcl-2 promoter regions. In this assay, chromatin isolated from formaldehyde-fixed DHL-4 cells was subjected to immunoprecipitation reactions using antibodies specific for acetyl-histone H3 and H4. An anti-IgG antibody was used as a nonspecific immunoprecipitation control. The immunoprecipitated DNA was phenol-chloroform purified and quantitated by real-time PCR using TaqMan primers and probes corresponding to the bcl-2 P1 (Sp1/CRE sites) and P2 core (TATA) promoter regions (Fig. 4A) .
Consistent with the TSA-induced bcl-2 transcriptional repression, ChIP analysis showed a significant reduction of acetylhistone H3 binding to both bcl-2 promoters. There was a 50% reduction at the P1 promoter ( Fig. 6B ) and a greater than 90% reduction at the P2 promoter ( Fig. 6C ). TSA treatment did not change the binding of acetyl-histone H4 to either promoter. This may be due to the lower basal level of acetyl-histone H4 bound to the bcl-2 promoters. Primer/probe sets corresponding to bcl-2 coding sequences that are 500 bp and 8 kb downstream of the bcl-2 promoter regions, as well as a primer/probe set corresponding to the GAPDH coding region, were also used to quantitate the DNA immunoprecipitated by acetyl-histone H3 and acetyl-histone H4 antibodies. No significant change was observed in the untreated and TSA-treated samples (data not shown). These results suggest that the transcriptional repres- sion of bcl-2 by TSA was associated with deacetylation of histone H3 localized at both bcl-2 promoters. The Sp1 site within the bcl-2 P1 promoter and the Cdx site within the bcl-2 P2 promoter are involved in TSA-induced bcl-2 transcriptional repression. To further characterize the involvement of particular cis elements within the bcl-2 promoter regions in TSA-mediated repression, quantitative ChIP assays were performed to determine the binding of several transcription factors and cofactors that are essential for bcl-2 expression. As we showed previously, Sp1 and CRE sites are major positive regulatory elements for bcl-2 P1 promoter activity (21, 58) . A schematic representation of the P1 promoter and the location of the primers used for real-time PCR are shown in Fig. 4A . ChIP assay revealed that Sp1 and CREB as well as the coactivator CBP bound to the P1 promoter in vivo (Fig. 7A ). TSA (500 ng/ml) treatment significantly down-regulated Sp1 and CBP binding to this region (Fig. 7A ). No significant change in the binding of CREB to this region was observed. We found previously that CBP physically associated with both the CRE and Sp1 binding sites, most likely by direct interaction with the CREB and Sp1 transcription factors (21, 58) . Our previous results, together with those presented here, suggest that the HDAC inhibitor-induced decrease in CBP binding to the bcl-2 promoter may be secondary to decreased Sp1 binding.
Although the P1 promoter is the most active bcl-2 promoter in normal B cells, we have found that the P2 promoter is also active in t(14;18) lymphoma cells (59) . The bcl-2 P2 promoter is a classic TATA-and CAAT-containing promoter, with a major positive regulatory Cdx site that is Ϫ307 to Ϫ312 bp upstream of the translation start site (Fig. 4A ). Two primer/ probe sets specific to the TATA element and the Cdx site were used to study the binding of transcription factors and cofactors to these regions (Fig. 4A) . We have shown that p53 binds to the TATA region and mediates transcriptional repression in t(14;18) lymphoma cells (59) . However, we did not observe significant changes in the binding of p53, acetyl-p53, HDAC1, mSin3A, or TBP to the bcl-2 TATA region with TSA treatment (data not shown). Our previous studies have shown that C/EBP␣, which is not expressed in normal B cells, binds to the Cdx site in t(14;18) lymphoma cells and plays an important role in bcl-2 transactivation in these cells (23) . Thus, we further characterized the binding of the transcription factor C/EBP␣ and its cofactor CBP to the Cdx site. Decreased binding of C/EBP␣ and CBP was observed in the TSA-treated cells compared to binding in untreated cells (Fig. 7B) . Therefore, bcl-2 repression by TSA correlated with decreased binding of specific transcription factors and the cofactor CBP to both promoter regions without any significant change in the level of expression of these factors (data not shown).
Mutation of the Sp1 site in the P1 promoter and the Cdx site in the P2 promoter reduces the repression of bcl-2 by TSA. To further verify the involvement of the Sp1 and Cdx sites in TSA-mediated bcl-2 transcriptional repression, wild-type and mutant reporter gene constructs of the bcl-2 P1 and P2 promoters were generated. The wild-type or Sp1 and Cdx mutant bcl-2 P1 and P2 promoters replaced the full-length bcl-2 promoter as shown in Fig. 4A . As shown in Fig. 8A , mutation of the Sp1 site resulted in decreased basal bcl-2 promoter activity. While TSA significantly down-regulated wild-type bcl-2 P1 promoter activity, mutation of the Sp1 site significantly attenuated TSA-mediated repression (Fig. 8A) . Similarly, TSA repressed wild-type bcl-2 P2 promoter activity. Mutation of the Cdx site significantly relieved repression of the P2 promoter by VOL. 25, 2005 REPRESSION OF bcl-2 BY HDAC INHIBITORS 1613 TSA (Fig. 8B) . These results suggest that the Sp1 and Cdx sites are important elements that are involved in TSA-mediated repression of bcl-2 transcription. TSA treatment increases the acetylation of Sp1 and C/EBP␣ and decreases the binding of HDAC2 to Sp1 and C/EBP␣ and to the bcl-2 promoters. To examine the role of HDACs in bcl-2 transcription, expression vectors for FLAG epitopetagged HDAC1 to -3 were transiently transfected into DHL-4 cells. Expression of HDAC1, HDAC2, and HDAC3 was verified by Western blot analysis with a FLAG antibody (Fig. 9A ). HDAC1 and HDAC3 had very little effect on endogenous bcl-2 mRNA levels as determined by real-time RT-PCR, but HDAC2 resulted in a reproducible twofold increase in bcl-2 mRNA expression ( Fig. 9A) . Although FLAG-tagged HDAC2 was clearly visible in the transfected cells, there was only a 1.5to 2-fold increase in total HDAC2 protein (data not shown). The reason for this is not clear, although there may be autoregulation of HDAC2 expression, as has been reported for HDAC1 (51) . A similar stimulatory effect on bcl-2 promoter activity was observed with the bcl-2 promoter-IgH enhancer stable cell lines after transfection of HDAC2 (data not shown). These studies suggest that HDAC2 may be involved in the transcriptional regulation of bcl-2 expression.
It is possible that HDAC2 exerts its effect on bcl-2 expression through modifications of Sp1 or C/EBP␣. To examine whether Sp1 was acetylated or bound to HDAC1 or HDAC2 and what effect TSA had, immunoprecipitation of cell lysates with an Sp1 antibody followed by Western blot analysis with antibodies for Sp1, acetyl-lysine, HDAC1, and HDAC2 were performed. As shown in Fig. 9B , Sp1 acetylation was observed in untreated cells, and TSA treatment resulted in a 2.0-to 2.5-fold increase of acetylated Sp1. After normalization for the amount of protein present, there was very little effect of TSA on the binding of HDAC1 to Sp1, but it decreased the binding of HDAC2 to Sp1 by 50%. Increased acetylation (threefold) of C/EBP␣ with TSA treatment was also observed by immunoprecipitation of nuclear extract with an antibody against acetyllysine followed by Western blot analysis using an antibody against C/EBP␣ (Fig. 9C ). Furthermore, TSA treatment did not change the binding of HDAC1 to C/EBP␣, but it nearly eliminated the binding of HDAC2 to C/EBP␣ (Fig. 9D) .
To determine if the effect of TSA on the interaction of HDAC2 with Sp1 and C/EBP␣ influenced their binding to the bcl-2 promoters, quantitative ChIP assays were performed. As shown in Fig. 9E and F, the binding of HDAC1 to both bcl-2 promoters was only slightly higher than the level of nonspecific IgG, and TSA treatment slightly increased the binding of HDAC1. A higher level of HDAC2 was observed at both bcl-2 promoters in the untreated cells. TSA decreased the binding of HDAC2 to the P1 promoter by 50% and decreased HDAC2 binding to the P2 promoter by 80%. These results suggest that inhibition of HDAC2 activity by TSA plays a role in TSAinduced bcl-2 repression.
To further investigate the role of HDAC2 in Sp1 deacetylation, the acetylation status of Sp1 was examined in cells transfected with an HDAC2 expression vector or a control vector. Immunoprecipitation with an Sp1 antibody was performed, followed by Western blot analysis with an antibody to acetyl-lysine. After normalization for the amount of Sp1 present, there was a 35% decrease in acetylated Sp1 in the HDAC2-transfected cells (Fig. 9G) . These results demonstrate that HDAC2 overexpression results in deacetylation of Sp1 (Fig. 9G) and an increase in the expression of bcl-2 (Fig. 9A ).
DISCUSSION
In this study, we showed that the HDAC inhibitors TSA and NaB caused cell cycle arrest and induced apoptosis in t(14;18) FIG. 6. TSA decreases histone acetylation of the bcl-2 promoters. (A) Western analysis of the expression of acetyl-histone H3 (Ac-H3) and acetyl-histone H4 (Ac-H4) in DHL-4 cells after treatment with different doses of TSA or NaB for 18 h. ␤-Actin expression was used as the loading control. (B) Quantitative ChIP assay of acetyl-histone H3 and acetyl-histone H4 binding to the bcl-2 P1 promoter. DHL-4 cells were left untreated or were treated with 500 ng of TSA/ml for 18 h. Chromatin proteins and DNA were cross-linked by formaldehyde. The cross-linked chromatin was sheared and then fractionated using specific antibodies as indicated. Purified immunoprecipitated DNA was quantified using primer/probe sets corresponding to the bcl-2 P1 promoter. The fraction bound represents the fold increase of the amount of the bcl-2 P1 promoter in the acetyl-histone antibody immunoprecipitated (IP) DNA compared to the level of nonspecific IgG antibody immunoprecipitated DNA. (C) Quantitative ChIP assay of acetyl-histone H3 and acetyl-histone H4 binding to the bcl-2 P2 promoter. lymphoma cells. At low concentrations of TSA, cell cycle arrest was prominent, and there was only a slight decrease in bcl-2 levels. This finding suggests that different HDACs may be involved in the mediation of cell cycle arrest and apoptosis induction. HDAC inhibitor-induced cell cycle arrest has been correlated with the up-regulation of the cyclin-dependent kinase inhibitor p21 waf1/cip1 in various transformed cells through effects on HDAC1 (18, 33) . We showed that Bcl-2 levels are important in the response of DHL-4 cells to apoptosis induction by HDAC inhibitors and that HDAC2 played a role in the regulation of Bcl-2 expression in DHL-4 cells.
The mechanisms involved in HDAC inhibitor-induced apoptosis are complex and differ among cell types. In some cells, activation of caspase 2, caspase 3, caspase 7, and caspase 8 has been observed with treatment with TSA and suberoylanilide hydroxamic acid (SAHA), another member of the hydroxamic acid family of HDAC inhibitors (24, 25) . The altered expression of several pro-and antiapoptotic genes has also been reported. While proapoptotic Bax and Bad were shown to be up-regulated (25, 49) , antiapoptotic Mcl-1 and XIAP were down-regulated by HDAC inhibitors (44) . Cell-type-specific regulation of Bcl-2 by HDAC inhibitors was reported in two studies: TSA decreased Bcl-2 protein expression in hepatoma cells (25) , but no change in Bcl-2 expression was found in glioma cells with either TSA or NaB treatment (49) . The mechanism involved in the down-regulation of bcl-2 expression in hepatoma cells was not determined. It is not clear why HDAC inhibitors affect bcl-2 expression in dissimilar ways in different Wild-type (wt) or Sp1 mutant bcl-2 P1 promoter-reporter gene constructs were transfected into DHL-4 cells. Hygromycin B (400 g/ ml) was added 24 h after transfection to select for transfected cells. Four days after transfection, cells were left untreated or were treated with 500 ng of TSA/ml, and 18 h later luciferase activity was determined and normalized to protein content in each sample. The relative bcl-2 promoter activity is represented as the percentage of normalized luciferase activity in cells transfected with the wild-type P1 promoterreporter gene construct. (B) Effect of Cdx mutation on TSA-induced bcl-2 P2 promoter repression. Wild-type or Cdx mutant bcl-2 P2 promoter-reporter gene constructs were transfected into DHL-4 cells as described for panel A. The relative bcl-2 promoter activity is represented as the percentage of normalized luciferase activity in cells transfected with the wild-type P2 promoter-reporter gene construct.
VOL. 25, 2005 REPRESSION OF bcl-2 BY HDAC INHIBITORS 1615 cell types. Several of the transcription factors that regulate the bcl-2 P2 promoter in B cells, such as Cdx and A-Myb as well as C/EBP␣, are not ubiquitously expressed, and effects of HDAC inhibition on these factors may be involved. To better understand the mechanism of bcl-2 gene regulation by HDAC inhibitors, we investigated their effects on the expression of the endogenous bcl-2 gene in vivo and bcl-2 promoter activity in transfection studies. We showed that TSA and NaB repressed steady-state bcl-2 expression at both the mRNA and protein levels in DHL-4 cells. To mimic the endogenous bcl-2 gene promoter function in t(14;18) lymphoma cells, we generated an episomal reporter gene construct with the bcl-2 promoters and the IgH enhancers. We found that both TSA and NaB dramatically down-regulated bcl-2 promoter activity in this reporter gene context. Moreover, the repression of bcl-2 mRNA expression was an early event, and TSA did not change the half-life of bcl-2 mRNA. These results suggest that repression of bcl-2 gene expression by HDAC inhibitors occurs at the transcriptional level and is most likely a direct effect.
We found that even though HDAC inhibitors increased the global accumulation of acetylated histones, decreased acetylhistone H3 binding to the bcl-2 promoter regions was correlated with the transcriptional repression of bcl-2, while acetylhistone H4 binding did not change significantly. At the bcl-2 P2 promoter, there was very little acetylated histone H4 bound even in the absence of TSA treatment. Changes in the acetylation of specific histones in response to extracellular signals is not a unique attribute of the bcl-2 promoter. Indeed, several studies have demonstrated differential association of acety- or were treated with 500 ng of TSA/ml for 18 h, and lysates from the treated and untreated cells were analyzed after immunoprecipitation with an antibody against C/EBP␣. Western blotting was performed with antibodies against C/EBP␣, HDAC1, and HDAC2. (E) Quantitative ChIP assays of the binding of HDAC1 and HDAC2 to the bcl-2 P1 promoter. DHL-4 cells were treated with 500 ng of TSA/ml for 18 h. ChIP assays were performed as described in the legend to Fig. 6B , except that antibodies specific to HDAC1 and HDAC2 were used. The primers for the bcl-2 P1 promoter are shown in Fig. 4A . (F) Quantitative ChIP assays of the binding of HDAC1 and HDAC2 to the bcl-2 P2 promoter. (G) DHL-4 cells were transfected with an empty vector or an HDAC2 expression vector and with the GFP expression vector as described for panel A. Immunoprecipitation was performed with an Sp1 antibody followed by Western blotting with an antibody against acetyl-lysine.
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DUAN ET AL. MOL. CELL. BIOL. lated histone H3 or H4 with gene promoters under conditions of transcriptional alteration. ChIP analysis of the p21 gene promoter revealed increased histone H3 acetylation, whereas H4 acetylation did not change after treatment with trapoxin (TPX), an epoxyketone-containing cyclic tetrapeptide HDAC inhibitor (48) . Similarly, the low-density lipoprotein receptor 3-hydroxy-3-methylglutaryl-coenzyme A reductase and steroidogenic acute regulatory protein gene promoters also exhibited preferential acetylation of histone H3 under conditions known to activate these genes (3, 8) . In contrast to these observations, changes in both H3 and H4 acetylation have been observed in many gene promoters following treatment with HDAC inhibitors. While numerous studies have correlated gene transactivation with increased histone acetylation after inhibition of HDAC activity (33) , emerging evidence has shown that HDAC inhibitors can also induce localized promoter histone deacetylation (14) . In addition, recent data suggest that HDAC activity is required for STAT transcriptional activation of some genes. STAT1 and STAT2 associate with HDAC1, and treatment with alpha interferon results in deacetylation of histone H4 (39) . The histone H4 deacetylation and alpha interferon-induced transcription are inhibited by treatment with TSA. HDAC inhibitors prevent transcriptional activation of the Id-1 gene (60) . It was shown that during transcriptional activation, STAT5 interacts with HDAC1 at the enhancer and deacetylates histones and C/EBP␤, increasing the binding of C/EBP␤ to the enhancer region. While our study suggests a requirement for HDAC2 in transcription of the bcl-2 gene, HDAC inhibitor-induced preferential histone H3 deacetylation during transcriptional repression rather than during activation of bcl-2 expression is observed. Both HDAC2 and CBP are bound to the bcl-2 promoter regions during transcription of the bcl-2 gene. HDAC2 may exert its influence on the transcription factors Sp1 and C/EBP␣ rather than on histone H3, and thus acetylation of histone H3 is observed.
As noted above, in addition to histones, other nuclear proteins are also targets of acetylation events. Acetylation of transcription factors has been described for Sp1, Sp3, p53, NF-B, E2F1, and C/EBP␤ (2, 5, 29, 45, 60) . The functional consequences of posttranslational modification by acetylation of these transcription factors appear to be quite different. In some cases acetylation occurs near the DNA-binding domain and influences DNA binding (35) . Acetylation can also modulate transcriptional potency and influence protein-protein interactions (57, 61) . Sp1 is acetylated by CBP/p300 (53) , and HDAC inhibitors augment acetylation (45) . At least in neuronal cells, acetylation of Sp1 increases DNA binding and Sp1-dependent gene expression (45) . We showed that TSA increased the acetylation of Sp1 and dramatically decreased binding of Sp1 to the bcl-2 promoter without affecting CREB binding. Decreased binding of Sp1 and Sp3 to the high-mobility group A2 protein promoter was also observed with TSA treatment of NIH 3T3 cells (14) . These findings suggest that there are tissue-specific effects of HDAC inhibitors on Sp1 function. Because Sp1 interacts with HDAC2 and both are bound to the bcl-2 promoter, we believe that the effects of TSA are mediated through HDAC2 inhibition. In support of the role of HDAC2, we showed that overexpression of HDAC2 increased bcl-2 mRNA levels and decreased the acetylation of Sp1.
TSA also increased the acetylation of C/EBP␣ and reduced its binding to the Cdx site of the bcl-2 P2 promoter. TSA and NaB have been shown to attenuate the binding of two other C/EBP family members, C/EBP␤ and C/EBP␦, to the haptoglobin promoter (11) . Studies have also shown that C/EBP␣ is able to alter histone H3 but not H4 acetylation at large subnuclear domains (62) . Our previous studies with the bcl-2 promoters showed that CBP physically associated with the regions containing the P1 promoter Sp1 binding site and the P2 promoter C/EBP␣ binding site; therefore, it is likely that decreased CBP binding to the bcl-2 promoters was due to decreased Sp1 and C/EBP␣ binding. The decreased binding of CBP at both bcl-2 promoters most likely contributes to the bcl-2 promoter deacetylation and transcriptional repression by HDAC inhibitors, although another HDAC that is less sensitive to TSA may also play a role. The importance of the Sp1 site and the Cdx site was further supported by the finding that mutation of these two sites could dramatically relieve the repression of the bcl-2 promoter by TSA.
Our results therefore suggest that repression of bcl-2 by HDAC inhibitors involves the inhibition of HDAC2, which leads to increased acetylation of Sp1 and C/EBP␣. This results in decreased interaction of each transcription factor with HDAC2 and decreased binding to the bcl-2 promoter. Whether decreased binding to the promoter occurs as a direct effect (acetylated Sp1 and C/EBP␣ have less affinity for DNA) or as an indirect effect (acetylation of Sp1 and C/EBP␣ disrupts the interaction with an accessory factor that is necessary for binding to the bcl-2 promoter) is not clear. Although the majority of HDAC inhibitor studies have focused on mechanisms of gene activation, recent investigations have begun to elucidate the mechanisms mediating gene repression (10) . Studies such as these, along with the results presented here, will help provide a better model for HDAC inhibitor-induced gene repression.
Our studies suggest that HDAC inhibitors are potential therapeutic agents for human t(14;18) lymphomas and that they act by repressing bcl-2 expression. However, it is likely that bcl-2 is not the only target gene of HDAC inhibitors in t(14;18) lymphoma cells. Previous studies using differential display to examine the differences in gene expression between untreated and treated lymphoid cell lines showed that approximately 2% of cellular genes changed in response to TSA treatment (56) . We have found that TSA and NaB increase p21 protein expression in DHL-4 cells, which is consistent with the G 0 /G 1 arrest shown in Fig. 2 (data not shown) . The further identification of additional downstream effectors of HDAC inhibition and a better understanding of the underlying mechanisms will help guide the development of more effective agents to treat t(14;18) lymphomas.
